The wear and friction of diamond-like nanocomposite (DLN) film have been investigated in air with different relative humidity (RH), under deionized (DI) water and saline solution. The structure of the film has been characterized by Fourier transform infrared (FTIR), Raman spectroscopy, and scanning electron microscope (SEM). The result shows two interpenetrating network structure: a-C:H and a-Si:O, and they are interpenetrated by Si-C bonding. The tribological performance has been measured using ball-ondisc tribometer with tungsten carbide ball as counterbody at 10 N normal load. Results show that with increasing relative humidity (RH) from 35% to 80%, the coefficient of friction (COF) increases gradually from 0.005 to 0.074, whereas with increasing RH the wear factor decreases from 9.8 × 10 −8 mm 3 /Nm and attains a minimum value of 2.7 × 10 −8 mm 3 /Nm at 50% RH. With further increase of RH the wear factor increases again. Moreover, in DI water and especially in saline solution, both the COF and wear factor have been found to be significantly low. A clue has been interpreted to understand environmental dependency, considering the effect of surface dangling bonds, charge transfer, and chemical interactions.
Introduction
Diamond-like nanocomposite (DLN) film comprises of two amorphous interpenetrating network structures: one is "diamond-like" (a-C:H) network, and the other is "glasslike" (a-Si:O) network [1] [2] [3] [4] . The presence of a-Si:O network as a reinforcement matrix distinguishes the DLN film from conventional diamond-like carbon (DLC) film [5, 6] . The material possesses a number of unique bulk and surface properties like hardness with flexibility [7] , thermal stability [7, 8] , corrosion and wear resistance [8, 9] , biocompatibility [10, 11] , and so forth. The low residual stress and good adherence to any type of substrates make DLN film a potent material for a variety of tribological applications.
It is believed that the tribological properties of the film are not only inherent properties of the film. They also strongly depend on the surrounding environment and counterbody. Many researchers have reported the dependency of environment on tribological behavior of DLC film [12, 13] , though limited reports have been published particularly for DLN film. Neerinck et al. have reported that the COF of the DLN film against steel ball at 50% RH varied from 0.04 to 0.08 and remains less than 0.1 even at 90% RH. They have also observed that film wear factor was extremely low under water [14] . Scharf et al. have also reported that COF increased from 0.02 to 0.2 when the RH changed from 1% to 50% [15] . However, continuous variation of RH and presence of ionic solution effect on tribological properties have not been yet reported.
In the present study, the wear factor and COF of DLN film on glass substrate have been studied using standard ball-on-disc tribometer with a tungsten carbide (WC) ball as counterface material under different ambients like air with different RH, under DI water, and saline solution. A clue for environmental dependency on tribological properties of DLN film has been interpreted, considering the films surface dangling bond passivation with environmental species and hence interaction with counterbody. study has been illustrated schematically in Figure 1 . The substrates were cleaned by acetone and the alcohol with ultrasonic vibration, followed by drying in a nitrogen jet. Cleaned substrates were loaded into the PACVD chamber followed by evacuation up to a pressure of about 10 −5 mbar. Thereafter, argon gas was introduced into the chamber via a mass flow controller until the chamber pressure reached approximately 10 −4 mbar. The samples were further cleaned in situ by argon plasma for 5 minutes prior to DLN film deposition. During deposition, the filament current was maintained at about 100 A, with a voltage of about 10 V. The thermoionic electrons emitted from the filament were drawn towards the ground at zero potential by applying a voltage of about −142 V to the floating filament with respect to ground. The precursor flow was adjusted via a needle valve and by using gravity control. The precursor ejection head was adjusted below the filament, such that on evaporation the precursor molecules come in the path of thermionic electrons. The precursor vaporized due to low pressure and high temperature near the filament in electron atmosphere which enhanced ionization of vapor molecules by collision. The RF substrate bias power supply was concurrently switched on. The precursor ions formed the stable plasma (the plasma current could be adjusted from 0.2 A to 20 A), and the ions accelerated towards the substrates due to the negative DC substrate bias induced by the RF power. A crossed magnetic field was applied using an electromagnet to induce spiraling motion, in order to increase the path length of ions. For the present study, DLN film was deposited on glass substrates in a specially designed PACVD system, using a liquid precursor (2,3,4-triphenyl nonamethyl pentasiloxane) containing C, H, Si, and O as constituents. A typical growth condition has been given in Table 1 . During deposition, sputtering and resistance evaporate units were shut down. The film was deposited on glass for 1 hr.
Experimental Details

Tribological Measurement.
The wear and friction characterization was performed using ball-on-disc tribometer ( Figure 2 normal load touched the film surface. The distance between WC ball and center of the disc was 4 mm. So the diameter of the wear track was 8 mm, and the linear speed of the ball over the film surface was 0.08 m/s. At the initial stages of wearing process, the COF was usually high but after a few revolutions, the COF decreased and reached a low and stable value. Again it increased abruptly at the instant; the film was completely worn off, resulting from the contact of the WC ball tip with the substrate surface. The wear test was performed at room temperature. Each wear test was carried out until the WC ball reached the base substrate, and each observation was measured three times and confirmed.
The wear factor is defined as the amount of volume (mm 3 ) wear out per unit normal force (N), per unit sliding distance (m). In ideal case, the cross section of the wear track is a circular curvature due to WC ball as counterbody as has been shown in Figure 3 . But in our experiment, the film thickness was very much smaller than the wear track width (Figure 4) , and the wear test was performed until completely worn out of the film. So a rectangular cross section of the wear track has been assumed. The total surface area of the wear track is (
2 ) where 1 and 2 are the external and internal track radius, respectively.
The total worn-out volume is (
where is the thickness of the film. The coating wear factor is expressed as
Here, is the normal force (10 N), and is the total sliding distance over DLN film. The internal and external wear track radius was measured by a high resolution optical microscope ( Figure 4) . A high temperature thermal adhesive tape was attached before the film deposition on glass substrate to measure the film thickness. The thickness of the film was estimated using a stylus surface profilometer. The resolution of the instrument was 1 nm, and the film thickness is 1093 nm. The total number of revolutions divided by the measured thickness of the film is the wear rate (cycles/micron) of film.
Results and Discussion
Film Structure Analysis.
In order to study the local bonding of C, H, Si, and O sites of the DLN film, the FTIR spectrum of a representative film was recorded from 400 to 4000 cm −1 range with 4 cm −1 resolution and 100 scan. The corresponding FTIR trace has been shown in Figure 5 . The spectra shows a strong Si-O absorption peak which had appeared around the wave number of 1100 cm −1 [12] . In the range of 682-885 cm −1 , broad absorption band is found which corresponds to Si-C, Si-CH 3 fragments [16, 17] . The mode at 760 cm −1 is due to Si-CH 3 rocking/wagging or Si-C stretching [16, 17] . The absorption band at ∼857 cm −1 is attributed to (SiH 2 ) bending [12, 13] .
An absorption band has appeared in the range of 2000-2300 cm −1 which corresponds to Si-H and Si-H 2 stretching. The C=C stretching vibration has shown its presence with an absorption band from 1372 to 1970 cm −1 , but only a broad spectrum from 1370 to 1650 cm −1 is clearly seen in the IR spectra, and some C=C bands might have been covered up by the moisture noise, which occurs at around 1885 cm −1 . A broad spectrum due to C-H stretching has occurred at 2750-3100 cm −1 . [16, 17] . The FTIR trace of the film shows two networks: one is diamond-Like C:H network and another is Si:O network, and they have been interpenetrated with the Si-C bonding depicting the typical nature of DLN film.
In order to understand the structure of DLN film the Raman spectrum was investigated in the wavenumber ranging from 400 to 2500 cm −1 . Raman spectrum analysis of DLN film wasdeconvoluted into two Gaussian peaks: the G peak and D peak by curve fitting (Figure 6 ). The Raman spectrum corresponding to single crystal diamond has a sharp peak located at 1332 cm −1 [18] , while that for single crystal graphite has a sharp peak at 1580 cm −1 [18, 19] . The diamond peak has associated with the fourfold sp 3 hybridized O h symmetry, while the graphite peak has associated with the threefold sp 2 coordination [18] [19] [20] [21] . The G peak, which may occur from C=C sp 2 stretching vibration of olefinic or conjugated carbon chains, is attributed to the relative motion of sp 2 hybridized carb,on and the down shift of the G peak is related to bond angle disorder [22] [23] [24] . The D peak is attributed to the disordered breathing motion of sixfold aromatic rings [18, 22] Thus, the peak positions in the Raman spectrum of DLN film and the intensity ratio of D/G peak are the most important parameters to understand the bulk properties of the DLN film for tribological purpose. There are two bands around 1355 cm −1 (D peak) and 1524 cm substrate. Again the intensity ratio I D /I G varies inversely with the graphite cluster size [22, 23] . In this respect the ratio, I D /I G , may be indirectly related to sp 3 /sp 2 intensity, and it is observed to be 0.35 from Gaussian fitting after base line correction. Figure 7 shows the FE-SEM image of DLN film deposited on glass substrate. Before capturing the image, a very thin layer of gold film was deposited on film surface to nullify the charging effect. The film comprised of amorphous granular like matter, and they were distributed randomly. The average size of these grains was around 75 nm.
Wear and Friction Characterization.
The COF and wear factor of DLN film deposited on glass substrate in different ambient condition like air environment for different relative humidity starting from 35% RH to 80% RH under water and saline solution were measured. The COF for a particular wear test was not fixed at a particular value. It was varying within a certain range. The average COF values were obtained by averaging the friction coefficients measured in tribometer during the wearing process of the film. Figure 8 shows the measurement of COF of DLN film against WC ball in presence of air with 35% RH and 60% RH. The results indicate that, initially the COF was high, after few cycles it reached a stable value, and finally it increased abruptly after the completely wearing out of the film. The DLN film after deposition exhibited surface undulation in the nanoscale (Figure 7 ). When the TC ball in the tribometer started to slide over the surface of DLN film, the top of the granular structure was gradually flattened due to wearing effect, and the track surface became smoother resulting in the fall of COF from the initial value. The obvious reason was that the crests come in close proximity to the sliding ball surface. Consequently the dangling bonds present on DLN surface and on the crests came in closest proximity of the ball surface. The ball being metallic, electron transfer occurred, and relatively strong interaction and adhesion set in between the DLN film and the ball surface. This strong interaction helped to wear down the crests during sliding of ball. When the surface became flatter, the sliding ball surface came in close proximity to much larger number of dangling bonds than only on the crest to show the following effects. As the number of interacting dangling bonds increased, the top layer of DLN surface stuck to the ball resulting in high wear factor of DLN film. Furthermore the peeled off fragments came on the wear track to induce abrasive wear which in turn enhanced the wearing of the film [15, 25] .
The data from Figure 9 suggests that although the COF increased gradually with increase in relative humidity (RH), the value of COF was very low (<0.08) even in high humid condition (RH 80%). Another interesting observation was that the COF under DI water was less than that in high humid air (RH 80%) and was further reduced to 0.021 in saline solution which was close to that in 50% RH condition. The data collected from the wearing process have been listed in Table 2 , and the corresponding results on the wear factor for different ambient conditions have been shown in Figure 10 . Figure 10 : Wear factor of DLN film on glass substrate in different ambient that is, 35% RH air; 40% RH air; 50% RH air; 60% RH air; 80% RH air; DI Water; 0.9% NaCl aqueous soln.
In this context it might be note that the wear factor of DLN film decreased with increase in humidity of air from RH 35% to RH 40% and attained a sharply low value at RH 50%. Further observation revealed that the wear factor rose again at humidity higher than RH 50%, attained relatively higher values again at RH 60%, and remained more or less unaffected by humidity till RH 80%. But under DI water and under 0.9% NaCl solution the wear factor maintained an extremely low value (Table 2 and Figure 10 ). As discussed previously, our observations can be summarized from Figures 9 and 10 and  Table 2 as (a) both the COF and wear factor were low under 0.9% NaCl solution;
(b) the COF was high but wear factor was relatively low under DI water;
(c) the COF was very low and wear factor rather high in low humidity air with RH < 40%;
(d) the COF and wear factor both were high at high humid condition at RH 80%.
Above-mentioned frictional and wear behavior could be explained by the consideration of electrical and chemical effects during the process of measurements.
Further Figure 10 shows that with increasing RH from 35% to 80% the wear factor has first decreased, touched minima, and then increased. The effect of passivation of surface dangling bond by water molecules in ambient conditions is the primary reason behind this phenomenon. The water vapor in the air passivated [26] the dangling bonds on the contact surface of the DLN film through adsorption and/or dissociation mechanisms [26] . This passivation reduced the adhesion interaction with the DLN film and ball surface. This mechanism caused by the presence of water vapor was applicable not only for the DLN coating surface but also for the transferred layer on the contact surface of the ball. When the percentage of water vapor was low (in 35% RH) in the test chamber, a strong adhesion interaction grew between counter faces, since the passivation of dangling bonds on DLN surface by water vapour was less. This caused higher value of wear factor at less humid air. The COF remained low, as the surface of the DLN film became smoother, and the debris size was in the order of 2-4 micrometer as seen by high resolution optical microscope ( Figure 11 ).
It was observed that when the ball-on-disc test was started in ambient air with 50% RH, maximum number of dangling bonds got passivated via adsorption of water molecules, and interaction between counter faces was very low which led to low wear factor of DLN film. Adsorption of water molecule on DLN surface also led to dissociation and oxidation of DLN surface [15, 26, 27] . These were transferred to the ball as charged or uncharged fragments. The charged fragments released charges on ball and fell on the wear track as debris. Moreover the debris formed due to sliding agglomerated became larger as RH increased as seen by high resolution optical microscope (Figure 11 ). The average debris size at 60% RH condition was 15-17 m, whereas it was 2-4 m at 35% RH. Debris in the sliding interface deformed during sliding. Greater amount of energy was required for deforming larger debris than that for small scattered ones [26, 27] . This caused increase in COF, with increasing RH.
With a further increase in RH up to 80% the adhesion interaction was nullified, as dangling bonds were saturated by adsorbing the water molecule from ambient. As the ambient condition encompassed a large percentage of water, hence physisorption of water molecules led to oxidation of DLN surface [28] . Due to this oxidation of the outer most surface, the bonding strength with immediately beneath layer becomes weaker. Hence, the wearing phenomenon occurred more easily during sliding of WC ball. Moreover, with increase in RH the debris size also increased, which in turn enhanced abrasive wear of the film as well as the COF. In DI water ambient, the COF was less than that for air with high humidity, RH 80%, and closely matched with 60% RH air. The wear out debris contained broken pieces of DLN surface peaks, and the tribological byproducts (fragments) all floated in water. Water, in this particular case also acted as a lubricant and coolant. Thus, the COF lowered in DI water as compared to 80% RH air. It may be noted that both the COF and wear factor in DI water matched with moderate humidity ambient (RH 50%-60%).
In dilute solution of NaCl (0.9%), the COF was found to have very low value in comparison to 50% RH air, and the wear factor was also very low, even lower than that for 50% RH air. The reason behind this was, like DI water, saline water, also worked as a lubricant and coolant to reduce friction. In this case also, the debris floated leading to further reduction of friction. Moreover, the saline solution had a much higher electrical conductivity than DI water. The opposite charges that were built up at the two sliding surfaces due to friction were easily discharged via the saline solution. Hence, the adhesive force due to electrical effect reduced drastically resulting in very low wear factor, even less than that for 50% RH air.
Conclusion
DLN films deposited in a PACVD system from a suitable organosilicon precursor have excellent frictional and wear properties. In low humidity condition, the frictional coefficient is extremely low, and the wear factor was relatively high (9.4 × 10 −8 mm 3 /Nm). The wear factor, however, dipped to a very low value (2.7 × 10 −8 mm 3 /Nm) at 50% RH. But the COF rose to 0.02. The wear factor was increased by a factor of 3.5 in dry air in reference to 50% RH condition. DI water and saline water (0.9% NaCl solution) acted as lubricant and coolant, to reduce wear rate. But friction was higher in DI water than in NaCl solution. The tribological properties of DLN film were extremely congenial in the ambience of dilute NaCl solution (0.9%). This type of solution is isotonic with the contents of human red blood cells. Thus DLN coating may be highly suitable for use in components for artificial hip joint and knee joint replacements. It may also be suitable as solid lubricant for machine parts.
